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Analysis of the resistivity data recently reported by Kondo et al.[1] for (Bi, Pb)2(Sr, La)2CuO6−δ
(Bi2201) single-crystals has been performed within our model developed to study pseudogap (PG)
in high-Tc superconductors (HTS’s). The model is based on an assumption of the existence of local
pairs in HTS’s at temperatures well above Tc. Comparative analysis of our results and results of
ARPES experiments reported by Kondo et al. suggests the local pairs to be one of the possible
reason of the PG formation.
PACS numbers: 74.25.-q, 74.40.+k, 74.70.-b, 74.72-h,
I. INTRODUCTION
High-Tc superconductors (HTS’s) actually possess four
main properties [2–5]. First of all it is the high Tc it-
self, where Tc is the superconducting transition temper-
ature. The next property is the pseudogap (PG) ob-
served mostly in underdoped cuprates, for example in
Y Ba2Cu3O7−δ (YBCO) [5]. Below any representative
temperature T ∗ ≫ Tc these high-Tc superconductors
transfer into the PG regime which is characterized by
many unusual features [6]. The other property is the
presence of strong electron correlations observed in un-
derdoped cuprates [7, 8]. But these correlations are not
found for FeAs-based superconductors [9]. The last but
not the least property is the reduced density of charge
carriers nf . nf is zero in antiferromagnetic (AFM) par-
ent state of HTS’s and gradually increases with doping
[2, 3]. But even in an optimally doped YBCO it is an
order of magnitude less than in conventional supercon-
ductors (SC’s) [2–6]. There is growing evidence that just
the reduced density of charge carriers may be a key fea-
ture to account for all other properties of HTS’s.
Despite a huge amount of papers devoted to the HTS’s
problem the coupling mechanism resulting in the ex-
istence of the Cooper pairs at such high temperatures
(for instance Tc=134 K for HgBa2Ca2Cu3O8+δ) as well
as physical nature of the PG still remain controversial.
However, the point of view where the appearance of a PG
in cuprate HTS’s is due to formation of paired fermions
for Tc < T < T
∗ gradually gaining predominance [5, 10–
13]. The possibility of the long-lived pair states forma-
tion in HTS’s in the PG temperature range was justified
theoretically in Refs. [14–17]. It has also been shown
that paired fermions above Tc have to exist in a form
of so-called local pairs [5, 14, 17]. The local pairs are
something in between the strongly bound bosons (SBB),
which form at high temperatures and satisfy the theory
of Bose-Einstein condensation (BEC), and more or less
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conventional fluctuating Cooper pairs which appear as T
approaches Tc and satisfy the Bardeen-Cooper-Schrieffer
(BCS) theory [17]. The point is the SBB may form in the
systems with low and reduced nf only [15–19]. This con-
dition is realized just in underdoped cuprates (see Ref.
[5] and references therein) and in new FeAs-based super-
conductors [9, 20, 21] eventually resulting, in our opinion,
in PG appearance. But, strictly speaking, the presence
or absence of PG in FeAs-based HTS’s still remains con-
troversial [9, 22].
It has been shown theoretically [15–19] that the sys-
tems with low and reduced nf acquire some unusual
properties. In such systems the chemical potential µ be-
comes a function of nf , T and of the energy of the bound
state of two fermions, εb ∼ ξ(T )
−1. Here ξ(T ) is the co-
herence length which actually determines the pair size.
Thus, the εb becomes an important physical parameter
of a Fermi liquid and determines a quantitative criterion
for dense (εF ≫ |εb|) or dilute (εF ≪ |εb|) Fermi liq-
uid (εF = EF is the Fermi energy). It is shown that
kF εb ≫ 1 and µ = εF in the first case. On the contrary,
kF εb ≪1 and µ = −|εb|/2 (6= εF ) in the second case. Be-
sides, the coherence length, ξ(T ) = ξ(0)(T/Tc − 1)
−1/2,
is extremely short in HTS’s [3, 5], which is an additional
requirement for the formation of SBB [17, 18, 23].
As the temperature lowers, ξ(T) evidently increases
whereas εb decreases. Thus there must be a transition
from SBB to fluctuating Cooper pairs, or from BEC to
BCS regime. The transition was predicted theoretically
in Ref. [23] and experimentally approved in our previ-
ous papers [5, 24]. The fact has to confirm our assump-
tion concerning the existence of local pairs in HTS’s. To
be more sure, in this paper we have analyzed resistiv-
ity data for (Bi, Pb)2(Sr, La)2CuO6+δ (Bi2201) single-
crystals recently reported by Kondo et al. in the Supple-
mentary to their ARPES experiments [1]. The analysis
was performed in a framework of our local pair model
based on the assumption of the existence of local pairs in
cuprates [5, 24]. The measured temperature dependence
of the pseudogap is compared with the spectral weight
of the energy distribution curves (EDCs) close to the
Fermi level, W (EF )(T ), reported in Ref. [1].
2II. MODEL
A pseudogap in HTS’s is manifested in resistivity mea-
surements as a downturn of the longitudinal resistivity
ρ(T ) at T ≤ T ∗ from its linear behavior. This results
in the excess conductivity σ′(T ) = σ(T ) − σN (T ) =
[1/ρ(T )]− [1/ρN(T )] or
σ′(T ) = [ρN (T )− ρ(T )]/[ρ(T )ρN(T )]. (1)
Here ρN (T)=αT+b determines the resistivity of a sam-
ple in the normal state extrapolated towards low temper-
atures. This way of determining ρN (T ), which is widely
used for calculation of σ′(T ) in HTS’s [5], has found
validation in the Nearly Antiferromagnetic Fermi Liquid
(NAFL) model [4].
It was found [5, 6] that the conventional fluctuation
theories by Aslamasov and Larkin (AL) [25] and by Maki
[26] and Thompson [27] (MT), reanalyzed for the HTS’s
by Hikami and Larkin (HL) [28], well fit the experiment
but up to approximately 110 K only. It is clear to get
information about PG we need an equation which de-
scribes the whole experimental curve from Tc up to T
∗
and contains PG in the explicit form. Besides, the dy-
namics of pair-creation and pair-breaking above Tc must
be taken into account in order to correctly describe the
experiment [15–17, 24, 29]. Unfortunately, so far there is
no completed fundamental theory to describe the high-Tc
superconductivity as a whole and in particular a pseudo-
gap phenomenon. Ultimately, the equation for σ′(ε) has
been proposed in Ref. [24] and can be written as
σ′(ε) =
e2A4
(
1− TT∗
) (
exp
(
−∆
∗
T
))
(16 ~ ξc(0)
√
2 ε∗c0 sinh(2 ε / ε
∗
c0)
, (2)
where A4 is a numerical factor which has the meaning of
the C-factor in the fluctuation conductivity (FLC) theory
[5]. All other parameters, including the coherence length
along the c-axis, ξc(0), and the theoretical parameter ε
∗
c0
[5, 24], directly come from the experiment. To find A4
we calculate σ′(ε) using Eq. (2) and fit the experiment
in a range of 3D AL fluctuations near Tc where lnσ
′(lnε)
is the linear function of the reduced temperature, ε =
(T − Tmfc ) / T
mf
c , with a slope λ = −1/2 [25]. T
mf
c is
a mean-field critical temperature. Solving Eq. (2) for
∆∗(T ), referred to as a PG, one can obtain [24]
∆∗(T ) = T ln
e2A4 (1 −
T
T∗ )
σ′(T ) 16 ~ ξc(0)
√
2 ε∗c0 sinh(2 ε / ε
∗
c0)
. (3)
Here σ′(T) is the experimentally measured excess con-
ductivity in the whole temperature interval from T ∗ down
to Tmfc .
TABLE I:
The parameters of the YBCO films with different oxygen
concentration (sample F1−F6).
Sample d0 Tc T
mf
c ρ(100K) ρ(300K) T* ξc(0)
(A˚) (K) (K) (µΩcm) (µΩcm) (K) (A˚)
F1 1050 87.4 88.46 148 476 203 1.65
F3 850 81.4 84.55 237 760 213 1.75
F4 850 80.3 83.4 386 1125 218 1.78
F6 650 54.2 55.88 364 1460 245 2.64
III. RESULTS AND DISCUSSION
In the framework of our local pair model the PG in
YBCO films [24], YPrBCO films [30], FeAs-based super-
conductor SmFeAsO0.85 with Tc =55 K [20, 21] and fi-
nally in the slightly doped HoBCO single-crystals [31]
was successfully studied. The basic results have been ob-
tained after the resistivity data for the set of four YBCO
films with different oxygen concentration were analyzed
using Eqs. (1-3) [5, 24]. The films were fabricated at
Max Plank Institute (MPI) in Stuttgart by pulse laser
deposition method [32]. All samples are well structured
c-oriented epitaxial YBCO films. It was confirmed by
studying the correspondent x-ray and Raman spectra.
The parameters of the films are listed in Table I, where
d0 - is the sample thickness. The temperature dependen-
cies of ∆∗ found from our analysis for all four films are
shown in Fig. 1. The main common feature of every plot
is a maximum of ∆∗(T ) observed at the same Tmax ≈
130 K. Important in this case is a fact that the coherence
length in the ab plane, ξab(T ), was found to be similar
for all the studied samples: ξab(Tmax) ≈ 18A˚.
Above 130 K ξab(T) is very small (ξab(T ) < 18A˚)
whereas the coupling energy εb is very strong. It is just
the condition for the formation of strongly bound bosons
(SBB) [16–19]. It was found [24] that in the tempera-
ture interval 130 K< T < T ∗ every experimental curve
of Fig. 1 can be fitted by the Babaev-Kleinert (BK) the-
ory [33] in the BEC limit (low nf ) in which SBB have
to exist [15–19, 23]. The result is believed to confirm
the presence of the local pairs in the films which have
to exist at high temperatures in the form of SBB. In ac-
cordance with the theory the SBB cannot be destroyed
by thermal fluctuations because of very strong bonding.
Besides, they have to be local (i.e. not interacting with
one another) objects because the pair size is much less
than the distance between the pairs. As a result, the
local pairs demonstrate no superconducting (collective)
behavior in this temperature interval. This conclusion is
confirmed, for example, by results of the tunneling ex-
periments [34, 35] in which the SC tunneling features are
smeared out above T ≥ 130K. Thus, in terms of Ref.
[1], above Tmax we have the so-called nonsuperconduct-
ing part of the pseudogap [5, 24].
With decrease of temperature ξab(T ) continues to in-
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FIG. 1: Dependence of ∆∗/kB on T calculated by Eq. (3)
for samples F1 (upper curve, red dots), F3 (gray squares), F4
(blue dots) and F6 (low curve, triangles). Tmax ≈ 130K.
crease whereas εb(T ) is getting smaller. Ultimately, at
T ≤ Tmax ≈ 130K the local pairs overlap and acquire the
possibility to interact. Besides, they can be destroyed by
thermal fluctuations now, i.e. transfer into fluctuating
Cooper pairs. The superconducting (collective) behavior
of the local pairs in this temperature region is distinctly
seen in many experiments. These are again the tunneling
measurements [34, 35] in which the SC tunneling features
are well observable now. In Ref. [36] the currents of co-
herent bosons with charge 2e were observed up to T ∼
130 K when studying the quantization of the magnetic
flux on YBCO films. Eventually, the direct imaging of
the local pair SC clusters persistence up to approximately
130 K in optimally doped Bi2212 is recently reported in
Ref. [8]. Thus, below Tmax this is the superconducting
part of the pseudogap [5, 24].
Moreover, ξab(Tmax) ≈ 18A˚ is considered to be the
critical size of the local pair in YBCO systems [5, 24].
When ξab(T ) < 18A˚ the local pairs behave like SBB and
transfer into fluctuating Cooper pairs when ξab(T ) > 18A˚
below Tmax. Thus, the BEC-BCS transition is experi-
mentally observed in our experiments as illustrates Fig.
1. Eventually we may conclude that the PG descrip-
tion in terms of local pairs gives a set of reasonable and
self-consistent results. However, to justify the conclusion
it would be appropriate to have independent results of
other research groups, who have measured straightfor-
wardly the PG or any of its components.
Fortunately analysis of the pseudogap in optimally
doped Bi2Sr2CaCu2O8+δ (Bi2212) single-crystals with
Tc=90K (OP90K) and in (Bi, Pb)2(Sr, La)2CuO6+δ
(Bi2201) single-crystals with various Tc’s by means of
ARPES spectra study was recently reported [1]. The
studies were mainly performed on Bi2201 samples be-
cause Bi2201 has a low Tc of 35 K, but large T
∗ sim-
ilar to that of Bi2212 at optimal doping. This makes
it possible to investigate separately characteristics of the
superconducting and pseudogap states. Besides, Bi2201
was chosen to avoid the complications resulting from the
bilayer splitting and strong antinodal bosonic mode cou-
pling inherent to Bi2212 [1, 37, 38].
The temperature evolution of the spectral line shape,
measured at the antinodal Fermi momentum was finally
studued [1]. Symmetrized EDCs demonstrate the open-
ing of the pseudogap on cooling below T ∗. Here T ∗ was
defined as a temperature at which the two peaks in sym-
metrized EDC merge into one peak at increased tem-
perature. The temperature dependence of the resistivity
along the ab plane, ρab, was also measured. From the
resistivity measurements T ∗ was determined in the usual
way as a downturn of ρab(T ) at T
∗ from its linear de-
pendence at high temperatures. It was found that T ∗
obtained from the resistivity measurements agrees well
with one determined from the ARPES data using ”single
spectral peak criterion” [1].
Finally from the ARPES experiments information
about temperature dependence of the loss of the spec-
tral weight close to the Fermi level, W (EF ), was derived
[1]. The temperature dependence of W (EF ) for OP35K
Bi2201 (Tc=35 K, T
∗ = 160 K) is shown in Fig. 2a
taken from Ref. [1] and turned out to be essentially un-
usual. Above T ∗ the W (EF ) is nonlinear function of
T , and starts to decrease after reaching the maximum
around 210 K. This is an expected behavior for metal-
lic samples, where thermal effects became dominant and
broaden the spectral peak at EF , causing the peak height
to decrease [1]. But below T ∗, in the temperature inter-
val T ∗ > T > Tpair = (100± 5) K (Fig. 2a), the spectral
weight decreases linearly, which is considered as a charac-
teristic behavior of the ”proper” PG state [1]. However,
no assumption as for physical nature of this linearity as
well as for existence of the paired fermions in this pseu-
dogap region is proposed. Below Tpair the W (EF ) vs T
noticeably deviates from the linearity towards lower val-
ues. The deviation suggests the onset of another state of
the system. In accordance with Ref. [1], this state prob-
ably arises from the electron pairing because the weight
loss associated with this state smoothly evolves through
Tc (Fig. 2a).
To compare results and justify our local pair model,
the ρab vs T curve of OP35K Bi2201 reported in the
Supplementary to Ref. [1] was studied. The data were
analyzed within our model. Resulting ∆∗(T )/∆∗max is
plotted in Fig. 2b (green dots). The ∆∗(T ) jumps in the
curve are most likely due to changes of the measuring rate
during the experiment. The ∆∗(T ) was calculated by
Eq. (3) with the following reasonable set of parameters:
Tc = 35 K, T
mf
c = 36,7 K, T
∗ =160 K, ξ(0) ≈ 1.5A˚,
ξ∗c0 = 0.885, and A4 = 25. σ
′(T ) is the experimentally
measured excess conductivity derived from the resistivity
4data using Eq. (1).
As expected the shape of the ∆∗(T ) curve is similar to
that found for YBCO films (see Fig. 1). As it is seen in
the figure the maximum of ∆∗(T )/∆∗max at Tmax ≈ 100K
actually coincides with Tpair which seems to be reason-
able. Really, in accordance with our logic Tmax is just
the temperature which divides the PG region on SC and
non-SC parts depending on local pair state as described
above. Above Tmax the local pairs are expected to be in
the form of SBB. Most likely just the specific properties
of SBB provide the linear W(EF ) vs T dependence in this
temperature region (Fig. 2a). The two following facts are
believed to confirm the conclusion. Firstly, when SBB
disappear above T ∗, the linearity disappears too. Sec-
ondly, below Tmax, or below Tpair in terms of Ref. [1],
the SBB transform into fluctuating Cooper pairs giving
rise to the collective (superconducting) properties of the
system. This argumentation coincides with the conclu-
sion of Ref. [1] as for superconducting part of pseudogap
below Tpair. As SBB are now also absent the linearity
of W(EF ) vs T again disappears. Thus, ∆
∗(T) found
from our analysis (Fig. 2b) is in good agreement with
the temperature dependence of the loss of the spectral
weight W(EF ) (Fig. 2a) obtained from the ARPES ex-
periments performed on the same sample. In this way,
the results of ARPES experiments reported in Ref. [1]
are believed to confirm our conclusion as for the existence
of local pairs in HTS’s, at least in Bi2201 systems.
The OP35K Bi2201 was chosen to be analyzed because
it is the only sample for which the spectral gap (SG)
equals to the energy of the spectral peaks of EDC was
defined as a function of temperature [1]. The SG(T ) di-
vided on its maximum value, SGmax, is also plotted in
Fig. 2b (red dots). At first sight there is a qualitative
agreement between both curves shown in Fig. 2b. How-
ever, there are at least two differences. The first one
is the evident absence of the direct correlation between
the SG(T ) and the temperature dependence of the loss
of the spectral weight W (EF ) (Fig. 2 a, b). Why the
maximum of SG is shifted towards low temperatures in
comparison with Tpair (Fig. 2 a, b) has yet to be un-
derstood. The second difference is the absolute values
of SG and ∆∗. The spectral gap has SGmax ≈ 40 meV
and SG(Tc) ≈ 38 meV [1]. It gives 2SG(Tc)/kBTc ≈ 26
which is evidently too high. Our pseudogap values are
∆∗max ≈ 16.5 meV and ∆
∗(Tc) ≈ 6.96 meV, respectively.
It gives 2∆∗(Tc)/kBTc ≈ 4.57 which is a value of common
occurrence for HTS’s [3, 5, 6]. Both differences suggest
an issue that clear correlation between SG and PG still
remains controversial.
IV. CONCLUSION
In conclusion, analysis of ρab vs T curve of OP35K
Bi2201 [1] performed within our local pair model has ev-
idently shown that found ∆∗(T ) is in a good agreement
with the temperature dependence of the loss of the spec-
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FIG. 2: a. Spectral weight W (EF ) vs T (blue dots) for
OP35K Bi2201. The solid line is the guidance for eyes
only. b. Pseudogap ∆∗/∆max (green dots) and spectral gap
SG/SGmax (red dots) as the functions of temperature for the
same sample.
tral weight W(EF ) measured by ARPES for the same
sample. Besides, the values of ∆∗(Tc) ≈ 6.96 meV and
2∆∗(Tc)/kBTc ≈ 4.57 are common for HTS’s [5]. It al-
lows us to reasonably explain the W(EF ) vs T depen-
dence both above and below Tpair in terms of local pairs.
The obtained results are also in agreement with the
conclusion of Ref’s. [8, 37, 38] as for SC and non-SC
parts of the PG in Bi systems. Besides, the formation of
local pairs is believed to explain the rise of the polar Kerr
effect (PKE) and response of the time-resolved reflectiv-
ity (TRR) both observed just below T ∗ [37]. Whereas,
the Nernst effect [8], which is likely due to the super-
conducting properties of the local pairs, is observed only
below Tpair, or T < Tmax in terms of our model.
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